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1 
Abstract—Voltage control based on reactive power 
compensation is a fundamental aspect of the operation of ac 
electric power systems. This paper presents a novel shunt 
compensation scheme based on a virtual air gap variable reactor. 
The scheme is fully developed, from the adaptation of the virtual 
air gap principle to high voltage applications and the 
determination of its expected performance, to the proposal of a 
digital cascade control using internal-model and proportional-
integral controllers. The suitability and flexibility of the device 
and the voltage control and reactive power compensation scheme 
are verified by means of laboratory tests performed in a small-
scale prototype. Measured results show that the proposed device 
and its control provide a robust load compensation scheme for ac 
systems. 
 
Index Terms— Air gap, Automatic voltage control, dc-dc 
power converters, electric variables control, magnetic variables 
control, PI control, reactive power control 
I. INTRODUCTION 
WO important voltage regulation problems in EHV ac 
power systems with long transmission lines are the voltage 
drop at the receiving node in the case of high load, and  an 
unacceptable voltage rise at the receiving node under light 
load conditions. Regarding the latter problem, currently fixed 
shunt reactors are the most common solution to limit this 
voltage variation. However by their characteristics of fixed 
susceptance, fixed reactors represent another load for the 
power system when the power supply and load conditions 
change, which affects the nodal voltage profile and loadability 
characteristics of the line [1]. Consequently, in order to 
improve the operation characteristics of power systems, 
variable shunt reactors are desirable [2]. Current technologies 
for variable reactors include tapped coils, adjustable air gaps, 
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saturation by dc flux and thyristor control [3]-[4]. However, 
even though these technologies have proven useful for EHV 
regulation, there is still room for improvement in aspects like 
harmonic content, response time, continuous variation and 
control range. 
In electrical networks where reactive power consumption 
and generation are reasonably predictable and stable, and a 
very fast response of the compensation scheme is not 
mandatory, the tapped coil variable shunt reactor (TCVR) as 
well as the adjustable air gap reactor (AAGR), are suitable 
solutions which have been successfully implemented. In these 
technologies, the inductance is varied by means of mechanical 
systems which change the number of electrical turns in the 
winding of the reactor [5], or adjust the air gaps of its 
magnetic circuit [6].  
In EHV systems, a highly inductive load during the peak 
period can lead to a critical value in the voltage level, and 
consequently loss of stability of generator units previously 
operating close to stability limits. An event of this kind is 
more probable if uncontrolled shunt reactors or variable 
reactors with slow response are used for reactive power 
compensation. In order to endow variable reactors with a fast 
response, some design approaches have changed the 
mechanical inertia of actuators by the intrinsic time constant 
of an electromagnetic system. Thus, some technologies such 
as the dc flux saturated reactor (DCFSR) and the thyristor 
controlled variable reactor (TCR) have been implemented [7]-
[9]. These technologies offer continuously adjustable 
inductance values, providing a fast and continuous reactive 
power control. However, wave distortion and harmonics have 
been reported as consequence of the saturation of the core in 
the case of DCFSR, or due to thyristor switching during TCR 
operation. Accordingly, new configurations and control 
methods have been developed in order to suppress the 
generation of harmonics, which can cause stability problems 
under some circumstances [10]. 
Besides the mentioned variable reactor technologies, a 
number of new approaches for variable reactors are being 
investigated [11]-[16]. These new technologies seek to 
improve some operating characteristics such as harmonic 
content, control circuit power/operating voltage, response 
time, range of regulation, smooth regulation of inductance and 
reactive power consumption, and applicability to EHV 
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systems. These functionality requirements are being demanded 
by electrical utilities around the world for the solution of load 
compensation and voltage control problem in EHV systems.  
This paper proposes a novel reactive power compensation 
scheme based on the virtual air gap reactor (VGR), a concept 
with the potential to fulfill the most desirable performance 
characteristics mentioned above, such as a wide range of 
regulation and low harmonic content. The paper is organized 
as follows: first, the operating principle of the virtual air gap 
reactor is reviewed, and some aspects of its design and 
operation characteristics for application on EHV systems are 
discussed. The construction of a small-scale prototype is 
described, followed by the consideration of the proposed 
control system, suitable for voltage regulation in conditions of 
variable load. Finally, experimental results are presented 
showing the performance of the combined variable reactor and 
voltage control scheme; the results demonstrate that the 
proposed device is a viable alternative for load compensation 
and voltage control in ac electrical systems. 
II. VGR CONCEPT  
A. Virtual air gap  
The virtual air gap principle consists in the creation of 
zones with controlled saturation level, in a magnetic core, by 
an additional unidirectional magnetic flux, produced by pairs 
of auxiliary or control windings fed by an external controlled 
dc source. The controlled saturation zones are called virtual air 
gaps; they can be compared to conventional air gaps but their 
length depends on the magnitude of the current in the auxiliary 
windings [17]-[20], [26]. The auxiliary windings are 
embedded in the magnetic core, which is additionally 
magnetized by alternating current in the main winding. The 
main magnetic flux interacts with the flux produced by the 
auxiliary windings, resulting in a magnetic circuit with 
variable inductance. 
Fig. 1 shows schematically the virtual air gap principle. The 
change of direction of the main magnetic flux through the 
virtual air gap zone, equivalent to the fringing which occurs in 
a real air gap, can be appreciated. If a single auxiliary winding 
is used to modify the local saturation level, it will create a dc 
flux around the whole magnetic circuit [18]. In order to avoid 
this effect, the virtual air gaps are created by pairs of auxiliary 
windings carrying currents with opposing polarity. 
B.  Design aspects of VGR for EHV applications 
According to the virtual air gap principle, the VGR is 
equipped with three elemental components: one main winding, 
a magnetic core and a set of auxiliary (control) windings. The 
main winding is connected to the ac line, so the main magnetic 
flux is determined by the ac operating voltage of the VGR. 
The design of the main winding follows established practices 
applied to conventional high voltage fixed reactors. Thus, the 
main winding is typically made of continuous discs or 
interleaved discs, because of the requirements of high 
insulating capacity and a large number of turns. The core 
comprises one central column and two return legs to provide 
the closed magnetic path, through which the main flux is 
carried; at the same time, the central column provides the 
mechanical support for the main winding. The lateral legs also 
accommodate physical space to embed the set of auxiliary 
windings. The auxiliary windings require a big number of 
turns because of the high level of energy to be stored. On the 
other hand, the space to be occupied by the auxiliary windings 
should be reduced in order to minimize the cost and 
dimensions of the core. Therefore, a layer winding is the best 
choice for the auxiliary windings [21]. 
 
 
Fig 1. Virtual air gap principle. 
C. Fundaments of VGR operation  
The electric and magnetic variables of the reactor, such as 
inductance, reactive power, magnetic flux density and main 
winding current, are interrelated, and the precise manner in 
which they interact has been investigated with the help of 
computational programs based on finite element analysis 
(FEA), a powerful tool that provides accurate and detailed 
computations of the magnetic field distribution in electrical 
machines [22]-[25].  
Based on the conceptual design described in [21], [27], a 
80MVAR VGR for operation at 500kV has been designed. A 
2D nonlinear magnetostatic model of the designed VGR has 
been created in a finite element program, allowing the 
visualization of the impact of changes in the design 
parameters. As an illustration, Fig. 2 shows the distribution of 
magnetic flux in the core; the zones with magnetic flux 
distortion can be appreciated. It can be seen that the flux 
changes its direction on each magnetic distortion zone; thus, 
the virtual air gap flux pattern is equivalent to the flux pattern 
of physical air gaps. 
The magnetization characteristic of the magnetic core with 
virtual air gaps, for different values of control current, has 
been calculated based on the 2D nonlinear FEA model. The 
results are shown in Fig.3. The flux linkage curves have been 
drawn as a function of the main winding current at constant 
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control current. It can be seen that, when the control current is 
zero, the magnetization characteristic corresponds to the 
intrinsic magnetic core performance, but if the control current 
is raised, the flux linkage resembles a sigmoid curve, 
increasing abruptly when the main winding current reaches a 
critical value. This avalanche phenomenon is a consequence of 
the interaction between the magnetomotive forces of the main 
windings and the auxiliary windings [21]. 
 
 
Fig 2. Computed flux plot for VGR design. 
 
 Fig 3. Computed magnetization curves as a function of the main current, for 
several control currents, for the proposed VGR design. 
 
The interaction between main and dc magnetic flux changes 
the permeability of the core in the air gap zones. Accordingly, 
the magnetization characteristic of the complete magnetic 
circuit is modified. The result is an electromagnetic system 
with variable inductance. This is the most important feature of 
the magnetic response of the VGR, to be applied as part of a 
load compensation scheme. 
Fig. 4 shows the inductance of the proposed VGR design, 
calculated from the magnetization characteristics, for the full 
range of control current; operation at rated ac voltage is 
assumed. The reactance as a function of the control current 
follows a similar inverse relation. 
 
 
Fig 4. Calculated inductance of the proposed VGR design as a function of the 
control current. 
 
The electric response of the VGR is defined by the reactive 
power consumption as a function of the control current. 
During operation as part of a compensation scheme, the VGR 
reactive power is adjusted depending on variations in the load 
connected to the power system, in order to keep a constant 
voltage. Fig. 5 shows the reactive power consumption for the 
simulated design, for the full range of control current. 
 
 
Fig 5. Calculated reactive power in the proposed VGR design as a function of 
control current. 
III. DESCRIPTION OF THE PROTOTYPE 
Based on the design concept described in [21], [27], a 
scaled prototype has been specified and manufactured, in 
order to test the performance of the compensation scheme. 
The proposed design concepts have been followed in detail as 
seen in Fig. 6. The main winding encircles the central column 
of the core, and auxiliary windings are embedded in two return 
legs. This last feature potentiates the proposed concept for 
power applications, because the control windings can be 
designed with enough turns to meet the requirements of 
energy storage. Otherwise, if auxiliary windings are placed in 
the top yoke, the VGR design cannot be manufactured 
following current practices for power transformers and shunt 
reactors [26]. 
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IV. DESCRIPTION OF THE CONTROL SYSTEM 
A. Operation of the Compensation Scheme 
The operation of the proposed compensation scheme 
consists in monitoring the nodal voltage at the load in order to 
detect any difference with respect to a reference value. When 
the load changes, the nodal voltage deviates from the 
reference value. As a result, a modulated control signal is 
obtained from the digital controller, leading to a corresponding 
magnitude of direct current supplied to the auxiliary windings, 
modifying the inductance value of the VGR, and consequently 
its reactive power consumption. The control system action is 
performed until the nodal voltage at the load reaches the 
reference value. Fig. 7 shows the scheme of the proposed 
solution. 
 
 
Fig. 6. VGR prototype. 
 
 
Fig. 7. Schematic diagram of the voltage control system. 
 
B. The Direct Current Controller 
The implementation of the direct current controller is based on 
the two-degrees-of-freedom internal model controller (IMC) 
[28]-[31]. The IMC approach is used due to its capabilities for 
performing robust control over the plant dynamics and 
because of the additional disturbance rejection provided by the 
second degree of freedom. These two characteristics are 
highly desirable for controlling the VGR given its plant-
parameter changing nature (i.e. the change of the control 
winding inductance with the magnitude of the magnetic flux) 
and the unavoidable disturbance produced by the functioning 
of the VGR which results in an unwanted induction of ac 
current in the control windings. Fig. 8 shows the two-degrees-
of-freedom IMC controller structure layout. 
The “internal model” principle of the IMC states that the 
control over a plant can be performed if the control structure 
includes some representation of the process to be controlled. 
According to Fig. 8, the difference between the plant output 
 and the plant model output provides an estimation of the 
effect of the disturbance . Here  can be regarded as 
information that is missing in the model of the plant  
inside of the controller and can be used to improve the control. 
The transfer function describing the dynamics of the control 
winding of the VGR is: 
 
                          (1) 
 
where  and  are the dc voltage, current, inductance 
and resistance of the control winding, respectively. 
 
Fig. 8.  IMC controller. 
 
If the model of the control winding was an exact 
representation of the VGR itself and considering that no 
disturbance is present, the signal would be zero and the 
closed loop system would then be equivalent to the open loop 
system. In this case an IMC controller of the type 
 would imply a perfect control. However, 
such a controller cannot be realized by several reasons, 
including the use of pure differentiators which cannot be 
implemented in practice. To solve the problem, the IMC 
control structure introduces a low pass filter  in cascade 
with the controller (i.e. ) designed to make 
proper its transfer function by adding poles to . The filter, 
for a first order plant, is usually of the type ( ) / ( )L s s    
where  can be regarded as the bandwidth of the closed loop 
system. The use of 
 
in the IMC controller structure could 
be regarded as a detriment of the controller performance; 
however,  can be set high enough to comply with the 
performance specifications for the plant, as long as the 
physical implementation of the controller allows it.  
Fig. 9 shows the control structure of the VGR based on a 
“classic-type” IMC controller structure layout. The addition of 
an inner feedback loop with gain  to the plant provides the 
additional degree of freedom of the IMC controller structure, 
and is useful to speed up the plant’s load disturbance rejection 
by artificially moving the pole of the plant away from the 
origin in the complex plane [28], [30]. In this way, the transfer 
function of the plant augmented with the additional degree of 
freedom is: 
 
     (2) 
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where the transfer function of the “classic-type” IMC 
controller of Fig. 9, after the addition of the inner control loop, 
takes the form: 
 
          (3) 
 
From (3), the proportionality constant  and integral 
constant  of the “classic-type” IMC controller can be 
calculated as P vgrK L   and ( )i vgr vgrK R G    
The additional degree of freedom is chosen here to make 
the controller dynamics and the load disturbance rejection as 
fast as the plant dynamics. This is achieved by moving the 
pole  created by the inner feedback loop in , to 
match the pole of the IMC controller in the transfer function 
from the disturbance to output signal of Fig. 9, which is given 
by 
      (4) 
It can be seen from this expression that the variables of the 
IMC controller structure are related to the model parameters, 
with the bandwidth  remaining as the only variable to be 
tuned.  Since controls the bandwidth of the closed loop 
system, it can be selected for a particular rise time, rt , 
following the formula that relates the bandwidth with the rise 
time for a first degree under-damped system which is 
2.2 / rt   rad. 
If we set vgrG L R  , then the disturbances to the plant 
will have the same time constant as the IMC controller, that is: 
 
       (5) 
 
Fig. 9. DC current controller (“classic-type” two-degrees-of-freedom IMC 
controller). 
 
In the experimental setup, was selected for a direct 
current controller rise time of 20 ms, which is within the speed 
response limits of the H-bridge converter. 
C. The AC Voltage Controller 
The numerical computation of the dynamics of the magnetic 
circuit of the VGR shows that the response time of the primary 
winding, in changing its inductance given a dc current in the 
control windings, varies in the range from 0.1ms to 0.6ms for 
a 1 to 12 A dc current range. Since these response times are 
much smaller than the specified response time of the ac 
voltage control loop (i.e. 200 ms), it is assumed for simplicity 
that the change of the inductance is instantaneous and that the 
inductance is a linear function of the control current. For the 
VGR used in this experiment this function turns out to be 
 
                          (6) 
 
As seen in (6) the VGR main winding inductance is 
assumed proportional to the control current, with an offset. 
Thus, a PI controller would reach zero steady state error. The 
proportional and integral constants  and  of the 
controller are selected to attain a 200 ms response time for the 
main winding inductance, which is enough for controlling the 
ac voltage level and connect in cascade with the direct current 
controller. Fig. 10 shows the ac voltage controller of the VGR. 
 
 
Fig. 10. AC voltage controller loop. 
 
The ac voltage and the dc current controllers were 
implemented using the TMS320F28335 32-bit DSC (digital 
signal controller) from Texas Instruments, with a sampling 
time of 55.5µs (300 samples per 60Hz cycle). 
V. H-BRIDGE CONVERTER 
The injection of the direct current to the control winding is 
made by a dc/dc converter based on the H-bridge topology, 
configured as a controlled current source as shown in Fig 11. 
The H-bridge structure is simple and easy to implement, and 
allows a precise voltage and current control with a response 
time only limited by its switching frequency [32], [33]. 
 
Fig. 11 Schematic diagram of the H-bridge converter. 
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VI. EXPERIMENTAL SETUP 
A. Power system representation 
In order to verify the performance of the proposed 
compensation scheme, several laboratory tests were 
conducted, with the following arrangement. The power system 
is represented as shown in Fig. 12.  
 
Fig. 12. Power system for laboratory tests. 
 
The transmission line is represented by the inductor  
and lumped capacitor . The load ( and ) is 
connected in parallel with the VGR at the end of the line. This 
configuration is representative of real conditions in an ac 
power system. 
B. Description of the equipment installed in laboratory  
To perform the tests of the VGR performance, several 
components have been installed in the laboratory, such as 
resistive, inductive and capacitive load bridges to simulate the 
transmission line, the Ferranti phenomenon and the load 
connected at the receptor node.  
The equipment installed in laboratory is shown in Fig. 13. 
Control system components are also included, such as a 
computer for DSC control and programming, a National 
Instruments USB-5261 data acquisition device (sampling 
frequency of 10 kHz), a 2 kW IGBT-based H-bridge, an ac 
voltage source and a dc voltage source. 
 
 
Fig. 13. Experimental test bench installed in laboratory. 
VII. VGR PROTOTYPE EXPERIMENTAL RESULTS 
A. Study cases 
The laboratory tests have been developed at low voltage 
(i.e. 100 Vrms), to comply with the ratings of installed 
equipment. The experiment parameters are shown in Table I. 
The test cases have been selected to fully verify the 
performance of the VGR and its control system. 
 
TABLE I. EXPERIMENTAL STUDY CASES 
Experimental 
parameters  
Load scenarios Description 
 
 
 
 
 
 
 
 
 
 
 
 
120
240
723
load
L load
C line
R
X
X


 
 
 
 
Initial condition.  
The initial condition is 
defined in order to 
establish the nodal load 
voltage at its nominal 
value. 
 
First load case 
From the initial 
condition, resistive load 
has been disconnected. 
 
 
Second load case 
Resistive load value 
decreases with respect to 
the initial condition. At 
the same time, the shunt 
capacitive reactance 
increases. 
 
Third load case 
From the second load 
case, shunt capacitive 
reactance has been 
increased. 
 
 
Fourth load case 
Resistive load value 
decreases with respect to 
the third load case. At 
same time, the shunt 
capacitive reactance 
increases. 
B. Flexible shunt compensator steady state performance 
The steady state experimental results are presented in Fig. 
14. It can be seen that the load voltage increases for all the 
tests when the control system is not engaged, but the voltage 
remains at nominal value when the control system is 
operating. This shows that the proposed compensation scheme 
is able to compensate all the tested load scenarios, managing 
to keep the nodal load voltage at its nominal value. 
 
 
Fig. 14. Flexible shunt compensator steady state performance. 
C. Magnetic and electrical response of the VGR 
During the four different test cases proposed, the VGR 
prototype had to adjust its inductance and its corresponding 
reactive power consumption in order to keep the nodal load 
LineL
lineC LoadR LoadL
100
80
source
line
V V
L mH


240
723
L load
C line
X
X


 
 
80
240
150.33
load
L load
C line
R
X
X


 
 
 
80
240
109.16
load
L load
C line
R
X
X


 
 
 
48
240
56.53
load
L load
C line
R
X
X


 
 
 
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voltage at nominal value. For this, different control current 
values were supplied to the auxiliary windings, responding to 
the control system action. The variation of the VGR 
inductance and the reactive power consumption are shown in 
Figs. 15 and 16, respectively. These results validate the 
simulations developed for the proposed design, as discussed in 
Section II. 
 
 
Fig. 15 Measured inductance variation for VGR prototype. 
 
Fig. 16 shows that the reactive power consumption is 
adjusted in a range of 84.2 VARS during the complete 
experiment, in order to keep a constant voltage at the load. 
 
 
Fig. 16 Measured reactive power consumption for VGR prototype. 
D. Dynamic performance of the VGR 
In order to assess the dynamic performance of the VGR, 
electrical variables were recorded following load changes.  
The initial condition is that resulting from the third load case 
of Table I. At t=1.5s the capacitive reactance is disconnected 
and the VGR controller reduces the amount of direct current 
injected to the control winding; this allows the voltage to 
remain at 100Vrms during the period the capacitive reactance 
is disconnected as seen in Fig. 17a. At the same time, the 
current consumed by the VGR is less than in the initial 
condition (Fig. 17c). Then, the capacitive reactance is re-
connected at t=3.6s and the VGR controller increases the 
direct current injected to the control winding to around 14A to 
reduce the inductance of the VGR and control the voltage 
(Fig. 17b). This, in turn, decreases the inductance of the VGR 
and compensates the effects of the capacitive reactance 
resulting in an unchanged voltage of 100Vrms.  Fig. 17 shows 
that the response time of the controller is within the specified 
limit. 
Finally, the system response to a sudden load rejection 
event was measured. The second load case from table I was 
considered as the initial condition. 
 
Fig. 17. Experimental dynamic performance with control system. a) Nodal 
voltage. b) Current in the control winding. c) Current in the main winding. 
 
After a period of time, the resistive-inductive load is 
suddenly disconnected from the circuit, leaving the shunt 
capacitive reactance of the line as the only element connected 
at the load side of the circuit. The load is then connected 
again, and the sequence repeated several times. Fig. 18 shows 
how the voltage controller remains stable and acts quickly to 
increase the direct current injected to the control winding (Fig. 
18b) in order to keep the voltage at the pre-established level, 
as seen in Fig. 18a. The controller keeps a constant voltage 
despite the severity of the test. Fig. 18c shows the evolution of 
the current consumed by the VGR during the complete event; 
this is a consequence of the inductance variation caused by the 
action of the control system. 
In our implementation, the harmonics in the ac current have 
not been considered. They appear because of the local 
magnetic saturation in the virtual air gaps. If necessary, they 
can be limited by modulation of the control current [34]. 
Inductive filtering is another technique that could be explored 
in this regard [35], [36]. 
VIII. CONCLUSIONS 
A novel shunt compensation scheme based on a virtual air 
gap variable reactor (VGR), driven by a digital cascade 
control, has been successfully demonstrated. The virtual air 
gap principle was used as the basis for the design of a high 
voltage variable reactor, and the expected performance was 
calculated with magnetic field computations. 
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To verify the performance of the device and its proposed 
control, a scaled-down prototype was built and tested. The 
proposed control, implemented in a digital signal processor, 
allows a precise and flexible load compensation scheme under 
different load scenarios tested in the laboratory. The use of the 
two-degrees-of-freedom IMC controller provides a good dc set 
point tracking thanks to the use of the internal model concept, 
an improved secondary winding disturbance rejection and a 
smooth ac voltage control within the required response time. 
Since the VGR is constructed as an electromagnetic system, 
it is reasonably tolerant to overvoltages and overcurrents. The 
experimental results show the suitability and flexibility of the 
proposed control and reactive power compensation scheme, 
which indicates this new solution is a promising alternative to 
established reactive power compensation devices, fulfilling the 
operation requirements of variable reactors such as response 
time, range of regulation, and regulation smoothness. 
 
Fig. 18. Experimental dynamic performance during load rejection event with 
VGR controller enabled. a) Nodal voltage. b) Current in the control winding. 
c) Current in the main winding. 
IX. APPENDIX 
VGR control winding parameters: 
 R  = 0.6Ω, L = 6.8x10-3 H 
Controller parameters: 
= 0.055,  = 73.3 rad,  = 0.4984,  
= 36.5357, = -0.1016 
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